Energy storage devices for fluid power applications that are significantly more compact than existing ones will enable energy regeneration for many applications, including fluid power hybrid vehicles and construction equipment. The current approach to hydraulic energy storage makes use of a compressed gas enclosed in a closed chamber. As the system must contain the expanded gas and the hydraulic oil displaced, the optimal energy density occurs at a modest expansion ratio resulting in a small energy density. 
INTRODUCTION
Energy storage density in hydraulic systems are severely limited relative to competing technologies. For example, volumetric energy storage densities of electric batteries are of the order of 1MJ/liter, whereas those of hydraulic accumulator configurations are less than 10kJ/liter (at 35MPa). Hydraulic systems * Corresponding author however have an order of magnitude advantage in power densities relative to electric systems. Dramatic improvement in energy storage densities for hydraulic systems can enable regeneration in many applications where space, weight, and power are critical. One example is the hybrid passenger vehicles where space for energy storage is a premium (compared to larger vehicles such as buses and trucks). As an example, to capture the 380kJ of braking energy of a 1000kg vehicle traveling at 100km/h would currently require about 50 liters volume.
In current practice, hydraulic energy storage is achieved by an accumulator. The most common accumulator design consists of an enclosed inert gas chamber connected to the hydraulic circuit through a check valve. The basic configuration has been unchanged for decades. The fixed volume enclosure has a gas chamber and an oil chamber. As the oil chamber volume increases, the gas chamber volume decreases correspondingly. Typically, the gas chamber is a bladder enclosure or a volume enclosed by a sliding piston, and the gas within is precharged to a nominal pressure. Energy is stored by pumping pressurized oil into the accumulator, thus reducing the gas volume, until the gas pressure is equal to the applied pressure. Energy is regenerated as the compressed gas pushes the stored oil back into the hydraulic circuit. Since the gas is always contained within the accumulator, we refer to it as a "closed" accumulator.
Previous approaches to increasing hydraulic energy storage density as can be found in the open literature have focused on improving the thermodynamic process and hence the available energy. The system configuration remains unchanged. Otis, Pourmovahed and other co-workers [1] [2] [3] [4] introduced elastomeric foams in the compressed gas. The foam absorbs heat and reduces the temperature of the gas during compression (storage); and restores the heat and increases the temperature of the gas during expansion (regeneration). This has the effect of allowing the gas compression and expansion to be closer to the isothermal process rather than an isentropic process. Reportedly, the energy density can be increased by up to 40%. Sherman and Karlekar [5] showed that the use of fine metallic strands bonded to the casing improves the heat transfer to the atmosphere, so that the gas compression/expansion process can also be closer to isothermal. This also has the effect of increasing performance by 15%-40%.
In pneumatic systems, compressed gas is also used as an energy storage. Storage tanks with air pressurized up to 2.1 MPa (300psi) is used to power pneumatic systems. In contrast to hydraulic systems, the compressed air is exhausted to the atmosphere. Carbon dioxide/dry ice has also been used as energy storage for pneumatic systems. This approach has limited use because the available system pressure with CO2 is limited (its triple point pressure at 0.52MPa). Marsh et al. [6] developed a hydraulic power source for artificial limbs using liquefied gas. It is used in storing energy generated by normal walking. The phase change of the liquefiable gas produces a constant 3.4MPa (500Psi) pressure head.
Compressed air is used in energy storage for electric plants. Such compressed air energy storage (CAES) uses large (10e6 f t 3 ) underground caverns to store compressed air up to 7.7MPa (1100psi). Regeneration is achieved by mixing the compressed air with natural gas which is then used to power a turbine for electricity generation. There are currently two plants in the US that utilize CAES for energy storage [7] . A similar idea of using compressed air as energy storage is being developed on smaller scale power devices such as uninterruptible power supplies (UPS) [8] .
In this paper, we describe one potential approach for dramatically increasing hydraulic energy storage density. The approach is based on the observation that in current hydraulic accumulator configurations, the volume is determined by the volume of the expanded gas. The system must also hold the volume and weight of the hydraulic oil displaced, which is given by the change in volume by the gas expansion. While more energy can be recuperated by increasing the decompression ratio, this is accompanied by large increases in the expanded gas and the displaced oil volume. Hence, the decompression ratio for optimal energy density is limited to between 2 and 3. This is a fundamental constraint of the current system configuration so that any increase in energy density that can be achieved by improving the thermodynamic process (e.g. shifting from adiabatic process to isothermal process) will only be marginal.
In the new "Open accumulator" approach, compressed gas is exhausted to the atmosphere during expansion, and intake is also taken from the atmosphere. Compared to the closed accumulator case, significantly more energy can be obtained from the same Gas at P_high Figure 1 . Conventional closed accumulator configuration: a) when accumulator is empty; b) when accumulator is fully charged. Shaft work is inputed through the pump as the system transitions from a) to b). Shaft work is extracted from the motor as the system transitions from b) to a).
The total volume in defining the energy density can be considered to be just the accumulator, or the accumulator together with the displaced hydraulic oil.
compressed gas since the gas is allowed to expand to atmospheric pressure. Furthermore, since the expanded air is exhausted to the atmosphere, the system does not have to account for its volume, nor the volume of the displaced hydraulic oil. A potential 20 fold increase in volumetric energy storage density for the same compressed gas pressure can be achieved at conventional hydraulic pressure (35MPa) [5000Psi].
In section 2, the energy densities of the current "closed" accumulator configuration is analyzed. In section 3, the new "Open accumulator" approach is described and its potential gains and challenges analyzed. A possible design of the air compressor/motor, which is a critical component in the open accumulator approach, is described in section 4. Simulation case studies for the compressor/motor and for the overall "open accumulator" system are presented in section 5. Section 6 contains some concluding remarks.
Closed Accumulators
A conventional accumulator consists of a fixed volume enclosure with a gas chamber and an oil chamber (Fig. 1 ). The gas chamber is either a bladder enclosure or a volume enclosed by a sliding piston. The gas is precharged to a nominal pressure. During storage phase, mechanical shaft work is used to pump oil into the accumulator, thus reducing the gas volume and increasing its pressure. Energy is regenerated as the compressed gas expands, expelling oil back through the hydraulic motor. Since the gas is always contained within the accumulator, this configuration is referred to as a closed accumulator.
Define the volumetric energy density of such a closed accumulator to be:
where the available energy is the maximum energy that can be extracted for a fully charged closed accumulator at pressure P comp , the total volume is either the volume of the accumulator itself or the volume of the accumulator and the volume of liquid that will have been displaced when the accumulator is empty. The volumetric energy densities of a closed accumulator with P comp = 35MPa as functions of the volumetric expansion ratio r := V exp /V comp where V exp and V comp are the expanded and compressed gas volumes are shown in Fig. 2 . The gas is assumed to be ideal and undergoes either an iso-thermal or an adiabatic process, and the oil reservoir is at atmospheric pressure P atm = 0.1MPa. Consider first when the gas undergoes an isothermal expansion/compression process. Let the compressed and expanded gas pressures and volumes be P comp and P exp , and V comp and V exp respectively. The available energy is computed from
where the work on or by the atmosphere is included. The volume of the accumulator is at least V exp . Hence, the isothermal energy density without accounting for the displaced oil volume is:
The energy density of such a configuration is greatest when r = 2.71, giving an energy density of 12.81 kJ/Liter at a compressed gas pressure of 35MPa. For energy regeneration in hydraulic hybrid vehicles, typical energy storage requirement is 380kJ. Thus, 29 liters of storage is needed. The displaced oil volume is V exp − V comp . Thus, the total volume of the system that includes the accumulator volume and the displaced oil volume is at least 2V exp − V comp . Hence the energy density is at most:
This is maximized at r = 2.15 giving an energy density of 8.08kJ/liter at a compressed gas pressure of 35MPa. 380kJ storage for a hydraulic hybrid vehicle would require 47 liters of total volume.
Similar expressions can be obtained if the gas undergoes an adiabatic process. The available energy is given by:
The energy densities (not taking into account the volume of the hydraulic fluid displaced) is given by:
where γ = 1.4 is the ratio of the isobaric thermal capacity to the isovolumic thermal capacity of a diatomic gas. This is maximized at r = 2.31, giving an energy density of 10.72 kJ/liter. 380kJ storage requires 35 liters of accumulator volume. When the hydraulic fluid is taken into account, the energy density is given by:
This is maximized at r = 1.91, giving an energy density of 7.04 kJ/liter. A 380kJ storage would require 53 liters of total volume. In both the isothermal and adiabatic cases, the available energies in Eqs. (2) and (5), and hence the numerator in Eq. (1), increase with the expansion ratio r. This, however, is at the expense of an increase in the total volume (in the denominator of Eq. (1)), which depends largely on the expanded gas volume. Hence, the energy density of the closed accumulator is limited because the system must contain the volume of the expanded gas volume as well as the displaced hydraulic oil. This makes expanding the compressed gas beyond the optimal expansion ratio r to extract more energy detrimental to the energy densities.
Open accumulator concepts 3.1 Openness
Instead of keeping a fixed molarity of gas in the closed accumulator and allowing it to compress and expand, in the open accumulator system, air is drawn from the atmosphere and compressed into the accumulator during the storage phase, and is expanded to the atmosphere again during the regeneration phase (Fig. 3) . Mechanical work is stored and extracted through a pneumatic compressor/motor. There are three advantages to the open system:
1. This allows for a high expansion ratio that would increase the available energy significantly. Acc. vol.
comp. gas
Exp gas vol 2. The accumulator volume will be decreased since it needs only account for the compressed air volume instead of the expanded air volume and the displaced oil as in the closed accumulator case. 3. The displaced oil that makes up the difference between the compressed gas volume and the expanded gas volume is no longer needed, saving both volume and weight.
For example, assuming an isothermal process, the available energy for a given volume of compressed air in an open accumulator will be increased by 6.5 fold compared to the optimal closed accumulator with the same maximum pressure of 35MPa with r = 2.15. Since the closed accumulator must account for 2r − 1 times the compressed air volume, the system volume will be decreased by (2 × 2.15 − 1) = 3.3 times in the open accumulator, for the same volume of compressed gas. Thus, the overall increase in energy density in an isothermal process will be given by 6.5 × 3.3 = 21.5 folds. The energy densities of the open accumulator system under isothermal and adiabatic conditions are shown in Figure 4 . They are computed from the available work given by Eqs. (2) and (5), and the total volume given by the compressed gas volume V comp . Hence, the energy density of the open accumulator system assuming an isothermal process is given by:
where r = P comp P a for the isothermal process. Since the volume expansion ratio r increases with P comp , the energy density increases super-linearly with respect to P comp . For P comp = 35MPa, E open η,T = 170 kJ/liter so that a 380kJ storage would only require 2.24 liters.
If an adiabatic process is assumed, the energy density of the open accumulator is:
where r p := P comp /P a is the pressure ratio which is related to the volume expansion ratio r by r γ = r p . At P comp = 35MPa, r = 65. While the open accumulator concept is simple, and theoretically provides an order of magnitude increase in energy density, there are several challenges to realizing its potential. Most are due to the high compression ratio and the use of air (which contains O 2 ) instead of inert gas as in closed accumulators:
1. Safety in compressing and storing high pressure air 2. Excessive temperature excursions during compression and expansion 3. Accumulator pressure can become too low to be useful 4. Lack of high power and efficient pneumatic compressor/motor
Storing and production of compressed air at 42MPa is routinely achieved in Scuba diving tanks while our desired operating pressure is only 35MPa. Thus, high pressure compressed air is not inherently unsafe. Safety concern stems from the risk of igniting hydraulic oil or oil vapor in the presence of compressed air. This can be avoided by utilizing non-flammable liquid in conjunction with the open accumulator, with proper sealing, and by using materials that properly separate oil and air if necessary. Notice that the basic open accumulator concept, as shown in Fig.  3 , being a completely pneumatic approach, does not even require hydraulic fluid.
Concerns (2) and (3) and their potential solutions are discussed in sections 3.2 and 3.3 respectively, and a potential design of an efficient air compressor/motor is presented in section 4.
Isothermal operation
Although the open accumulator operating adiabatically has a high energy density compared to the closed accumulator system, adiabatic operation at high compression/expansion ratios leads to excessively high or low temperatures which is a challenge for readily available materials to withstand.
The temperature change of a gas being compressed or expanded adiabatically can be estimated by considering the internal energy of the air:
where n is the number of moles of air, R = 8.3144J/mol-K is the Universal Gas constant, c v = 2.5R is the molar thermal capacity of air (with diatomic gas species). Therefore,
where T init is the initial temperature, and r is the volumetric expansion ratio. From this,
Thus, air at atmospheric pressure P a = 0.1MPa and T init = 278K when compressed to P = 35MPa would have a temperature of 1583K. Compressed air at P = 35 MPa and T init = 278K when expanded to atmospheric pressure will have a temperature of 56K. These are extremely hot and cold temperatures which will be challenging to the components. For this reason, our aim is to design the system to operate as close to an isothermal condition as possible. In addition to avoiding excessive temperatures, this also results in 2.6 fold increase in energy density over an adiabatic process.
To achieve this, it is necessary to have an environment that can serve as a heat sink during compression and as a heat source during expansion, and whose temperature does not change significantly. The atmosphere can be such an environment if an abundance of ambient air flow is available. Another possibility is to utilize a phase change material (PCM) as a constant temperature bath to the air that is being compressed or that is expanding. The PCM will provide a local energy source or energy sink during expansion and compression so that the process occurs at nearly constant temperature as determined by the phase transition temperature of the PCM. Table 1 shows several common PCMs (solid-liquid) and their thermal properties ( [9] ). The PCM can be encapsulated in pellets which are then circulated in a liquid slurry to improve heat transfer.
For an ideal isothermal process, the heat exchange with the PCM or the environment equals the energy stored or regenerated. Thus, the overall energy density will be where E η,T is the isothermal energy density, and H V is the volumetric latent heat density. The overall energy density with the various PCMs operating at a compressed air pressure of 35MPa is given in Table 1 showing a 13 to 15 fold increase over existing closed accumulator system. The above calculation shows that from a thermal capacity standpoint, it is possible to utilize a PCM to absorb and regenerate all the heat needed to maintain an isothermal process without a significant volume penalty. In reality, the ambient environment can also be a source or sink of some heat, so that even less PCM is needed.
In addition to having a heat source/sink being available, there must be adequate heat transfer to and from the air being compressed and expanded. Limitation in heat transfer is expected to have ramifications on the power capability of the open accumulator. Multistage compressor/motor designs with intercooling and enhanced heat transfer are currently being investigated.
The idea of using PCM as a heat source/sink has some similarity to the proposed use of thermal foam in closed accumulators [4] . For the open accumulator configuration, PCM and enhanced heat transfer are recommended for the air compressor/motor, whereas perfect insulation is recommended for the accumulator so as to maintain, in the compressed air, the heat associated with any un-intended increase in temperature during compression.
Constant pressure supply and hydraulic transient overload
In the current closed accumulator system, as energy is depleted, pressure decreases and an increase in flow is required to achieve the same power level. The situation would be worse in the open accumulator case if it is implemented as shown in Fig. 3 , since the pressure would fall as low as the atmospheric pressure. Instead, the preferred configuration would have the compressed gas volume and molarity decrease while maintaining pressure constant. This simple idea can be achieved by using a constant volume accumulator consisting of a liquid (nonflammable hydraulic fluid) chamber and a gas chamber separated by a piston or a bladder just as in conventional accumulators. As energy is stored, compressed air is pumped into the air side of the accumulator and at the same time the liquid is emptied to maintain a constant pressure. As energy is used, compressed air volume decreases, and the voided volume is then refilled by the liquid. Fig. 5 shows a configuration that can be controlled to achieve this. Mechanical work is put in and taken out mainly through the air compressor/motor. The air compressor/motor is connected in tandem to a small hydraulic pump/motor and the mechanical load or prime mover. In the storage phase, shaft work is used to drive the air compressor to compress air from the atmospheric to a high pressure (say 35MPa). This will normally increase the pressure in the accumulator. To off-set this increase, hydraulic liquid is bled into the hydraulic motor (1) whose work is used to offset the mechanical input needed for the compressor. In the regeneration phase, the air motor/compressor acts as a motor and compressed gas in the accumulator is bled into the air-motor. This would normally decrease the accumulator pressure. To offset this decrease, a small portion of the compressor shaft work is used to drive the hydraulic pump (1) which pumps hydraulic liquid from a reservoir into the hydraulic liquid chamber of the accumulator. The remaining shaft work is then consumed by the mechanical load. To maintain the accumulator pressure, the hydraulic pump/motor displacement must be controlled in coordination with the air compressor/motor.
An added benefit with a constant volume accumulator that consists of a hydraulic fluid chamber and a compressed air chamber is that it can sustain a high momentary power overload beyond the capability of the air compressor/motor. This is achieved by operating accumulator from both the air and the liquid sides. Specifically, when storing energy, as the air compressor is working at full power compressing air into the accumulator, excess power is accommodated by pumping hydraulic fluid (using the pump/motor (1) or the optional transient circuit) into the accumulator as well. Similarly, during regeneration, the air motor operates at full power and any power deficit is accommodated by depleting the hydraulic oil via the hydraulic motor (1) or the transient power circuit. In either situation, power overload will cause the pressure not to be maintained. This causes the energy storage capacity to decrease continuously with greater power overload beyond the power capability of the air compressor/motor. The energy storage capacity approaches that of a closed accumulator for very large power overload.
Air motor/compressor
Since the open accumulator concept relies on compressing and expanding air to store or regenerate energy, the air compressor/motor must be efficient and powerful.
The air motor/compressor design being investigated consists of 2-3 stages. The motor/compressor for each stage makes use of multiple compression/expansion chambers connected via (nonflamable) liquid pistons to a hydraulic pump/motor (Fig. 6) . The air-side of the chambers are connected to the accumulator and to the atmosphere. The air and liquid are separated by a bladder material (e.g. Viton). In the simplest case, the hydraulic pump/motor is a radial piston pump/motor with each piston controlling the volume of one compression/expansion chamber. Thus, the air chamber volume decreases as the radial piston extends, and increases as the radial piston retracts. The control and timing of the air valves determine whether the system is in storage or motoring mode, as well as the amount of air that will be compressed or expanded (i.e. the displacement).
The motoring mode begins when the expansion chamber is filled with liquid. The pneumatic valve is opened to the compressed air reservoir for a brief moment, and is then shut off. The duration that this valve is open determines the amount of compressed gas in the chamber and hence the energy. The compressed gas in the chamber expands, applying pressure through the liquid piston on the hydraulic motor. When the air in the chamber has expanded sufficiently, the pneumatic valve is opened to the atmosphere. This allows the hydraulic motor to push liquid into the chamber with little resistance, returning the chamber to an oil filled position where the next motoring cycle repeats.
The storage mode begins when the compression/expansion chamber is filled with air at atmospheric pressure and the pneumatic valve is opened to the atmosphere. The hydraulic pump then pushes liquid into the chamber decreasing the air volume by ejecting some of the air back into atmosphere. The pneumatic valve is shut off when the desired amount of air to be compressed is reached. The air chamber volume continues to decrease until its pressure exceeds the pressure in the open accumulator. At this point, the pneumatic valve is opened to the accumulator and compressed air is pushed into the accumulator. When all the air is compressed into the accumulator, the liquid piston begins to retract. The pneumatic valve closes to the accumulator and opens to the atmosphere, drawing air into the compression for the next cycle.
The advantages of this design are that:
1. The chambers can be sized and the valve timing selected so that during motoring full expansion to atmospheric pressure can be achieved. This maximizes the energy extracted from air. 2. The use of liquid pistons and enclosed compressed air chamber minimizes air leakage through gaps. 3. Multiple chambers and pistons in different stages of expansion and filling allow for uniform overall torque profile. 4. The variation of the chamber volume with respect to the angle of rotation can be tuned by designing the cam profile of the radial piston pump/motor. 5. Each compression/expansion chamber and hydraulic pump/motor functions essentially the same as a regenerative circuit with a mini conventional accumulator. Efficient transduction of mechanical power can be expected.
One drawback of this design is that each radial piston must accommodate the full volume of each chamber. Since this volume is determined by the expanded air volume, the radial piston pump/motor needs to be quite large. For example with the accumulator pressure at 35MPa, it must accommodate 100lpm of flow per kW power. To increase compactness, it is possible to 1) utilize an intensifier between the compression/expansion chamber and the radial piston pump/motor in Fig. 6 ; 2) use a compact 000 000 000 111 111 111 000 000 000 111 111 111 000 000 000 111 111 111 000 000 111 111 00 00 00 00 11 11 11 11 00 00 00 small displacement hydraulic pump/motor operating a higher frequency than the cycling frequency of the expansion/compression chambers together with directional valves to achieve the desired extension and retraction of the liquid pistons.
Simulations 5.1 Air motor/compressor
To illustrate the operation of the compressor/motor, we consider a 1-stage design with 5 chambers and a r = 350 expansion ratio. While a multi-stage design will be more practical in an actual design, the 1-stage simulation would be a more stressful situation with which we can evaluate the system constraints.
Each cylindrical compression and expansion chamber is assumed to have a diameter of 6.5cm and a maximum volume of V max = 33.3cc. We assume the chamber wall is made of copper, has a wall thickness of 0.5cm and is circulated with the PCM CaCl 2 · 6H 2 O (see Table 1 ) which has a melting point of 29deg C. The atmospheric pressure and temperature are P a = 0.1MPa, T a = 20 degC. The accumulator pressure is assumed to be 35MPa and it is assumed to be kept at the PCM melting temperature of T 0 = 29deg C.
As mentioned earlier, the displacement of the air compressor/motor can be controlled by varying the amount of compressed air to be expanded or the volume of atmospheric air to be compressed. We define the displacement variable u ∈ [−1, u max ] such that u ∈ [−1, 0) corresponds to the compressor mode and u ∈ (0, u max ] with u max ≥ 1 corresponds to the motoring mode. In the compressor mode, the volume of atmospheric air when the air valve is shut is V max · |u|. In the motoring mode, the vol- ume of compressed gas when the air valve is shut is (V max /r) · u where r = 350 is the expansion ratio, u = 1 corresponds to the case when the compressed air will be expanded to atmospheric pressure in an isothermal process when the chamber is at its maximum volume. If u > 1, the chamber will be super-charged such that more energy will be produced at the expense of efficiency since full expansion will not be achieved. The volume profile shown in Fig. 7 was designed so that the heat generated during the expansion/compression is nearly constant. The design is important for reducing temperature variation. In the simulations below, the compressor/motor is assumed to operate at 10Hz. and the PCM is limited only by the copper chamber wall. Figures  8-9 show the results during motoring mode for various displacements u > 0. Notice that the pressure profiles are very similar to the isothermal profiles indicating that the temperature effect is small. For u < 1, full expansion is achieved. For u > 1, the pressure does not reduce to the atmospheric pressure as the chamber reaches it's maximum volume. Hence some energy will be lost. As the displacement increases, the minimum temperature decreases. However, the maximum temperature deviation is less than 7 degC from the PCM melting point. Figure 9 shows that the actual work extracted per cycle increases nearly linearly with u and is only slightly lower than the isothermal case at larger u's. At u = 1, 19.12J of work is extracted per cycle per chamber so that the motor produces 1.15KW at 10Hz and an efficiency of 98.6%. Some amount of supercharging can increase the power significantly without affecting efficiency too much. For example, at u = 1.5, 1.69KW power is achieved at 10Hz with an overall efficiency of 96.5%. Figures 10-11 show the results during storage mode for various displacements −1 < u < 0. As the displacement magnitude |u| increases, compression begins earlier and the maximum temperature increases up to 5 degC above the PCM melting temperature (Fig.10) . Note that the work done on the device per cycle in the isothermal case is more than the available energy content by compressing the gas, which is the energy stored ( Figure 11 ). The actual amount of energy storage per cycle is less than the isothermal case at all u. The overall storage efficiency (ratio of work done to the available energy) is above 98.3% for all |u| < 1. The maximum storage power achieved is 1.15KW at 10Hz.
Ideally conducting case
Poor heat transfer case In reality, the heat transfer between the air in the chamber and the PCM will be limited by the heat transfer in the air inside the chamber. Since heat transfer in the compressing/expanding air chamber is a fairly complicated subject [10, 11] , to expediently investigate the effect of poor heat transfer, we simply use a small heat transfer coefficient, namely 1/40 that of copper.
Figures 12-13 show the results during motoring mode for various inputs u > 0. As expected, temperature decreases more when heat transfer is poor. For u = 1, the minimum temperature is 120 degC below the melting point of the PCM. Consequently, the pressure decreases more rapidly compared to the ideally conducting case. Because of this, full expansion is achieved at much higher us (e.g. at u = 2.8). Fig. 13 shows that a significant effect of poor heat transfer is the reduction in efficiency. At u = 1, the efficiency is 68% and at u = 1.5 the efficiency is 63%. Correspondingly, the motor power is reduced to 796W at u = 1 and to 1.1KW at u = 1.5. Figures 14-15 show the results during storage mode for various inputs −1 < u < 0. The actual and isothermal pressure profiles deviate from each other, especially for large u. The temperatures are higher than the ideally conducting case and for u = −1 the maximum temperature is 290 degC above the PCM melting point. Consequently, the pressure increases more rapidly than in the ideally conducting case. Because of the increase in temperature, the amount of work required for compressing the same amount of air is higher. At u = −1, 34.3J of work is done for cycle per chamber such that 2.055KW of braking power is absorbed. However, if regeneration is done at the PCM temperature isothermally, then only 58% of the work will be recovered.
The 1-stage compressor/motor design simulation above shows that heat transfer within the air compressor/motor plays a significant role in efficiency and power output of the system. With good heat transfer, the compressor/motor can be efficient and powerful. When heat transfer is limited, more chambers or slower frequency can be used to improve efficiency. However, these will be at the expense of compactness and power respectively. A multi-stage design in which each stage has the same expansion ratio, will reduce the heat transfer requirement by the number of stages. While the heat transfer coefficient used in this study is for illustration only, the actual heat transfer rate depends significantly on the detailed designs of the compression/expansion chambers.
Overall system control
A control system for the open accumulator configuration in Fig. 5 has been designed. For simplicity, it is assumed that the air compressor/motor and the hydraulic pump/motor are connected in tandem and have the same speed ω. The system is loaded with an additional hydraulic load that draws hydraulic flow Q load (t) (Fig. 16 ) determines the displacements of the air compressor/motor (u air ) and that of the hydraulic pump/motor (u hyd ) based on the accumulator pressure P and the speed compressor/motor-pump/motor speed ω. The control is designed such that u hyd is used to maintain the accumulator pressure P at 35MPa, whereas u air is used to maintain the compressor/motor-pump/motor speed at 10Hz. Figures 17-19 show the results in which the demand flow Q load cycles between ±10lpm. This gives an alternating power storage and withdrawal profile. Notice that the pressure in the system is regulated at 35MPa and the system speed is regulated at 10Hz. The energy content of the accumulator also cycles in the desired manner. 
